Increasing evidence emphasizes that the effects of human impacts on ecosystems must 10 be investigated using designs that incorporate the responses across levels of biological 11 organization as well as the effects of multiple stressors. Here we implemented a 12 mesocosm experiment to investigate how the individual and interactive effects of CO 2 13 enrichment and eutrophication, scale-up from changes in primary producers at the 14 individual-(biochemistry) or population-level (production, reproduction, and/or 15 abundance) to higher levels of community (macroalgae abundance, herbivory, and 16 global metabolism) and ecosystem organization (detritus release and carbon sink 17 capacity). The responses of Zostera noltii seagrass meadows growing in low-and high-18 nutrient field conditions were compared. In both meadows, the expected CO 2 benefits 19 on Z. noltii leaf production were suppressed by epiphyte overgrowth, with no direct CO 2 20 effect on plant biochemistry or population-level traits. Multi-level meadow response to 21 nutrients was faster and stronger than to CO 2 . Nutrient enrichment promoted the 22 nutritional quality of Z. noltii (high N, low C:N and phenolics), the growth of epiphytic 23 pennate diatoms and purple bacteria, and shoot mortality. In the low-nutrient meadow, 24 individual effects of CO 2 and nutrients separately resulted in reduced carbon storage in 25 the sediment, probably due enhanced microbial degradation of more labile organic 26 matter. These changes, however, had no effect on herbivory nor on community 27 metabolism. Interestingly, individual effects of CO 2 or nutrient addition on epiphytes, 28 shoot mortality, and carbon storage were attenuated when both nutrients and CO 2 acted 29 simultaneously. Thus reflecting CO 2 -induced benefits on eutrophic meadows. In the 30 high-nutrient meadow, a striking shoot decline caused by amphipod overgrazing 31 2 masked the response to CO 2 and nutrient additions. Our results reveal that under future 32 scenarios of CO 2 , the responses of seagrass ecosystems will be complex and context 33 dependent, being mediated by epiphyte overgrowth rather than by direct effects on plant 34 biochemistry. Overall, we found that the responses of seagrass meadows to individual 35 and interactive effects of CO 2 and nutrient enrichments varied depending on interactions 36 among species and connections between organization levels. 37 38
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The effects of CO 2 and nutrient treatments on variables measured at the end of the 225 experiment were tested using two-way ANOVAs (two fixed crossed factors) after 226 testing parametric assumptions. A normal distribution with unequal variances was found 227 for all variables, which is usual when the sample size is small. Following 228 recommendation by Quinn and Keough (2002) , we proceeded with the analyses but 229 making significance level more restrictive to minimize the possibility of Type I error 230 (mistakenly detection of differences). Welch t tests that are robust against unequal 231 variances were used to interpret significant interactions. Again, data for the low-and 232 high-nutrient meadows were analyzed separately. 233
To assess the ordination of treatments based on differences in the composition of leaf 234 epiphyte assemblages, a non-metric Multi-Dimensional Scaling analysis (NMDS) with 235
Bray-Curtis distances was carried out. Because NMDS axes are arbitrary, the final 236 solution was rotated using a Principal Component Analysis (PCA) to align the largest 237 variance in the first axis. The significance of the effect of CO 2 and nutrient treatments 238 on assemblage composition was tested with a two-way permutational analysis of 239 variance (PERMANOVA; two fixed crossed factors). To perform the test, Bray-Curtis 240 distances were calculated from untransformed data and 999 permutations were used 241 under a reduced model. 242
Finally, two PCAs, one for each meadow, were performed to assess links among the 243 several traits and the trajectory of treatment responses through time. Traits showing the 244 highest correlation with the components (r > 0.7) were selected for interpretations. 245
Since our variables were not dimensionally homogeneous, principal components were 246 computed from the correlation matrix. 247 
Responses of meadow traits measured through time 250
The response of the low-nutrient meadow showed a threshold at the third week of the 251 experiment, when most variables responded differently from the first two weeks (Fig. 1,  252 left). Shoot recruitment occurred mostly in unfertilized but also in CO 2 -enriched 253 conditions until the third week (Fig. 1a) , after which shoot mortality progressively 254 increased. Figure 1b suggests that the Z. noltii leaf area index (LAI) tended to increase 255 with CO 2 enrichment until the third week of the experiment. A positive, significant 256 effect of the CO 2 enrichment was observed on detritus production throughout the 257 experiment (Fig. 1d ). Nutrient addition increased shoot mortality (Fig. 1a) , whereas it 258 decreased LAI and leaf number (Fig. 1b and c) . Shoot mortality induced by the nutrient 259 enrichment was attenuated by the simultaneous addition of CO 2 , especially from the 260 third week onwards (Fig. 1a) . A treatment and time interaction was detected on the 261 community production and respiration ( Fig. 1e and f) . These variables showed high 262 variability with similar ranges of variation in unfertilized and enriched conditions. No 263 treatment effects were detected throughout the experiment on shoot flowering or meso-264 herbivory (see Appendix C, Supplement). 265
The responses of the high-nutrient meadow to CO 2 enrichment included an increased 266 shoot mortality during the second and third weeks and an increased detritus production 267 at the end of the experiment ( Fig. 1g and i) . Nutrient addition decreased the number of 268 leaves per shoot and increased detritus production throughout the experiment (Fig. 1h  269 and i). CO 2 enrichment interacted with nutrients to alleviate the nutrient-induced 270 reduction of the number of leaves (Fig. 1h) . No effects of CO 2 or nutrient enrichment 271 were observed through time on LAI, meso-herbivory, Ulva spp. cover, shoot flowering, 272 and community production or respiration (Figs. 1j-l and C, Supplement). Independently 273 of the experimental treatments, overgrazing by the herbivorous amphipod Cymadusa 274 filosa Savigny severely affected the plants from the high-nutrient meadow causing 275 massive shoot mortality ( Fig. 1k and g ). At the end of the experiment a mean (+se) of 276 89 (+3.7)% of shoots died, 81 (+9.1)% of the seagrass leaves showed bite marks and 277 leaf area was reduced from 5.0 (+0.2) to 1.0 (+0.4) cm 2 shoot -1 . Similarly, Ulva spp. 278 cover progressively decreased, being close to 0% in all treatments after six weeks (Fig.  279   1l) . At the end of the experiment, all Z. noltii shoots and Ulva spp. fronds disappeared 280 10 from three flowerpots (one unfertilized and two CO 2 -and-nutrient-enriched). However, 281 net production and respiration in these pots were within the range observed in the other 282 pots ( Fig. Cd and e, Supplement) , indicating that the metabolism of the sediment 283 microbial community was similar to that of the Z. noltii community. 284
We did not detect any significant effect of CO 2 or nutrient enrichment on plant damage 285 by meso-herbivory in the low-or high-nutrient meadows. However, at the end of the 286 experiment plants from the high-nutrient meadow showed 81 (+9.1)% of leaves with 287 bite marks, compared to only 6.9 (+3.2)% in the low-nutrient meadow (Figs. 1k and Cb, 288 Supplement). These between meadow differences, as well as the link between shoot 289 mortality and meso-herbivory in masking the enrichment effects in the high-nutrient 290 meadow, were further confirmed by a PCA of responsive variables from the low-and 291 high-nutrient meadows at the end of the experiment (see Appendix E, Supplement). 292
Responses of meadow traits measured at the end of the experiment 293
In plants from the low-nutrient meadow (Fig. 2, grey bars) , nutrient enrichment 294 enhanced the leaf nutritional quality (high leaf nitrogen and low leaf C:N ratio, Fig. 2a  295 and c) and the accumulation of nitrogen in rhizomes (high rhizome nitrogen 296 concentration and low rhizome C:N ratio, Fig. 2d and b) , whereas it had a negative 297 impact on the accumulation of leaf phenolics (Fig. 2f) . A significant interaction of CO 2 298 and nutrient additions was detected for epiphyte load and sediment organic matter ( Fig.  299 2g and h). The leaf epiphyte load increased significantly under CO 2 addition, whereas 300 nutrient enrichment and especially the interactive CO 2 and nutrient additions had a 301 lower and not significant effect (t test comparisons in Fig. 2g ). Similarly, CO 2 and 302 nutrient interaction resulted in maintenance of the organic matter content in the 303 sediment, which tended to decrease with separated CO 2 and nutrient additions (t test 304 comparisons in Fig. 2h) . 305
In plants from the high-nutrient meadow (Fig. 2, black bars) , CO 2 enrichment decreased 306 rhizome C:N (Fig. 2b ) and increased epiphyte loads (Fig. 2g) . The CO 2 -induced 307 increase of the epiphyte load was maintained under the simultaneous addition of 308 nutrients. Nutrient addition enhanced the leaf nutritional quality (high leaf nitrogen 309 concentration, Fig. 2a) . A reduction of leaf C:N ratio and phenolics was detected 310 apparently in response to CO 2 and/or nutrient enrichments ( Fig. 2c and f) , but this was 311 actually caused by an increase of these traits in the unfertilized plants at the end of the 312 experiment in relation to the initial field conditions (Table 1) . A synergistic interaction 313 between CO 2 and nutrient additions caused an increase of the rhizome length (Fig. 2e) . 314
Variables for which no significant effects of CO 2 or nutrient addition were detected are 315 shown in Appendix D (Supplement). 316
Responses of Z. noltii epiphytes 317
Both, CO 2 and nutrient additions altered the relative abundance of epiphyte populations, 318 whereas elevated nutrient levels also modified the epiphyte composition (Fig. 3a) . In the 319 unfertilized plants, the epiphyte cover was low and the most abundant leaf epiphytes 320
were the fanlike diatoms Licmophora spp. The second-most-abundant epiphyte in plants 321
from the low-nutrient meadow was the encrusting coralline algae Melobesia 322 membranacea, whereas in plants from the high-nutrient meadow it was the 323 cyanobacterium Microcoleus spp. The response to the CO 2 enrichment in both, low-and 324 high-nutrient meadows was a great increase of epiphyte cover, mostly due to a bloom of 325
Microcoleus spp. (73% of the total cover) that outcompeted the diatoms Licmophora 326 spp. and the encrusting corallines. Under nutrient-enrichment pennate diatom 327 populations dominated by Navicula spp. outcompeted the other taxa. In the nutrient-and 328 CO 2 -and-nutrient-treatments the composition of epiphyte assemblages was similar, but 329 with a reduced replacement of Licmophora spp. by pennate diatoms in the CO 2 -and-330 nutrient-treatment. Chlorophytes (mainly Ulva prolifera) and filamentous rhodophytes 331 (mainly Bangia spp. and Stylonema alsidii) were also present in all treatments. 332
Temporal changes in epiphyte abundances within the enriched mesocosms involved a 333 shift from relatively low epiphyte loads until the second week to increasing epiphyte 334 loads from the third week onwards, with the occurrence of purple bacteria in nutrient-335 and CO 2 -and-nutrient-enriched treatments during the fourth week. 336 NMDS ordination of treatments based on the epiphyte composition showed clear CO 2 337 effects ( Fig. 3b) . CO 2 treatments were separated along axis I (51% of variance 338 explained), whereas the other treatments were ordered along axis II (49% of variance 339 explained) from unfertilized to CO 2 -, CO 2 -and-nutrient-, and nutrient-enriched. 340
Separation of CO 2 enrichments along axis I was due to a higher epiphyte cover (mean 341 +se: 22+2.3 cm 2 per 10 cm 2 of leaf) than the unfertilized, nutrient-enriched and CO 2 -342 and-nutrient-enriched treatments (7.6+1.4, 11+1.3 and 8.4+3.2 cm 2 per 10 cm 2 of leaf, 343 respectively). Treatments of both, low-and high-nutrient meadows were nearby in the12 ordination diagram, reflecting minor differences among meadows in the response of the 345 epiphyte assemblage. NMDS pattern was further confirmed by the PERMANOVA 346 results, which showed significant effects of CO 2 , nutrients and their interaction (Fig.  347   3b) . 348
The above-mentioned PCA of traits from the low-and high-nutrient meadows further 349 confirmed the increased epiphyte load and the change in epiphyte composition as main 350 drivers of the meadow responses to CO 2 and nutrient enrichments (see Appendix E, 351 Supplement). 352
Response trajectories through time 353
The first two PCA components of the low-nutrient meadow traits measured through 354 time, explained 41% (component I) and 20% (component II) of the variance. The Z. 355 noltii traits that highly correlated with component I were the LAI and the number of 356 leaves, which were negatively correlated with shoot mortality and herbivory (Fig. 4a,  357 right graph). Flowering, community production and community respiration highly 358 correlated with component II (variable loadings are presented in Table E2 , Supplement). 359
The variability of all treatment scores on the component I during the first week and of 360 unfertilized and CO 2 -enriched treatments during the second and third weeks were within 361 the initial range of natural variability (week 0, grey rectangle in Fig. 4a , left graph). At 362 this time, Z. noltii plants showed higher LAI and higher number of leaves. The time 363 series ordination of the rest of treatments along component I revealed that the effects of 364 nutrient addition started during the second week, when the scores of nutrient-and CO 2 -365 and-nutrient-treatments suddenly shifted to higher values. These nutrient effects were 366 dominated by high mortality of Z. noltii shoots and to a less extent by high meso-367 herbivory. The highest scores on component I were attained by the nutrient-treatment 368 during the fourth to sixth weeks. The system response to the CO 2 treatment was slower 369 (starting at week 4) and of lower magnitude than the response to nutrient-and CO 2 -and-370 nutrient-treatments. This analysis supported the previous indication of a temporal 371 threshold for the meadow responses, which was the second week for elevated nutrients 372 and the fourth week for elevated CO 2 . No clear ordination of treatments was detected 373 along component II, indicating that traits highly correlated with this component were 374 substantially influenced by natural variability. 375
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The first two PCA components of the high-nutrient meadow traits measured through 376 time explained 64% (component I) and 12% (component II) of the variance. The Z. 377 noltii traits that highly correlated with component I were the LAI, the number of leaves, 378 the community production and the abundance of Ulva, which were negatively correlated 379 with mortality, herbivory and detritus production (Fig. 4b, right graph) . Community 380 respiration highly correlated with component II (see variable loadings in Table E2 , 381 Supplement). The range of initial natural variability of all treatment scores was 382 narrower than for the low-nutrient meadow (Fig. 4b, left graph) . The system was 383 initially dominated by high seagrass LAI and number of leaves, cover of Ulva spp., and 384 community production. This progressively shifted to a later stage (week 6) dominated 385 by high Z. noltii mortality, herbivory and detritus production. Contrary to the response 386 of the low-nutrient meadow, there were no relevant differences in the time course and in 387 
Effects of CO 2 enrichment in low-nutrient meadows 394
The CO 2 enrichment had no direct effects on Z. noltii biochemistry (Fig. 5a ). We found 395 no evidence of increased nonstructural carbohydrates and subsequent nitrogen dilution 396 effect (increased C:N ratio) as has been previously observed in the seagrass Thalassia 397 hemprichii (Jiang et al., 2010) and T. testudinum (Campbell and Fourqurean, 2013) . As 398 well, there was no increase of phenolic contents as predicted by the carbon-nutrient 399 balance hypothesis and no propagation to susceptibility to herbivory. Several studies in 400 terrestrial plants reveal that this lack of response is not uncommon (reviewed by 401 
Nutrient enrichment and interaction with CO 2 in low-nutrient 447 meadows 448
We found that nutrient enrichment had a faster and greater effect than CO 2 addition on 449 meadows developing in low-nutrient conditions. Nutrient enrichment enhanced leaf 450 nutritional quality (high nitrogen and low C:N ratio) and reduced the accumulation of 451 phenolic compounds (Fig. 5a) . Both, the overall increase of plant nitrogen (e.g. 
High-vs. low-nutrient meadows 494
Our results revealed that the expected benefits of high CO 2 predicted for the end of the 495 century on seagrass productivity might be restrained by epiphyte overgrowth and by the 496 interaction with local eutrophication. In both low-and high-nutrient meadows, CO 2 497 effects were more important in epiphyte populations than in the seagrass Z. noltii. These 498 findings strengthen the increasingly recognized importance of species interactions in 499 modulating the direct effects of eutrophication or acidification in single species, 500 populations, and ultimately in ecosystem functioning (Orth et al., 2006; Kroeker et al., 501 2013b ). The effect of nutrient enrichment was greater in the low-than in the high-502 nutrient meadow (Fig. 5a vs. b) , with nutrient-induced mortality of Z. noltii only 503 appearing in the former. When CO 2 and nutrient enrichments interacted, an increase of 504 epiphyte load was observed in the high-nutrient meadow as opposed to the low-nutrient 505 meadow. These results highlight the context-dependence of the effects of multiple 506 stressors in agreement with the meta-analysis of Crain et al. (2008) . We observed that 507 the accumulation of phenolics and carbohydrates was higher under lower nutrient 508 regimes in the initial field conditions, and also in the experimental conditions for 509
phenolics. This suggests that nutrient deficiency rather than a direct effect of high CO 2 510 drives the accretion of carbon-based compounds in Z. noltii. These observations are in 511 agreement with previous studies in both, terrestrial plants (Lambers, 1993 To our knowledge, these observations constitute the first report of C. filosa using the 522 seagrass Z. noltii for both feeding and shelter-construction. We found that the 523 consequences of plant-specific vulnerability to grazing on seagrass meadows can be 524 stronger than the effects of CO 2 and eutrophication. This result concurs with findings by 525 Alsterberg et al. (2013) , which showed that the presence of grazers masked the response 526 of benthic microalgae to ocean acidification and warming. Further studies aiming to 527 identify the factors underlying the plant-specific seagrass vulnerability to grazers are 528 thus of vital importance. 529
Our results showed that separated CO 2 or nutrient enrichment individually result in a 530 loss of the carbon sink capacity of the low-nutrient meadow, as opposed to the high-531 nutrient meadow. This loss contrasts with results of previous studies conducted in situ 532 with other seagrass species, which found that the meadow carbon sequestration capacity 533 was unaffected by nutrient addition (Antón et al., 2011) or increased due to CO 2 534 enrichment (Russell et al., 2013) . In both studies, the whole-community metabolism 535 was used as indicator of the carbon storage capacity of seagrass meadows. In our study, 536 however, the loss of carbon storage occurred without a significant response of the 537 18 whole-community metabolism, indicating a metabolic compensation between the Z. 538 noltii populations and the leaf epiphyte and sediment microbial communities. A similar 539 dynamic global balance has also been reported for marine pelagic systems under CO 2 540 addition (Silyakova et al., 2013) . 541
Overall, we found that shifts in the community dynamics of leaf epiphytes or sediment 542 bacteria mediated the multi-level responses of Z. noltii meadows to independent CO 2 or 543 nutrient addition. They also modulated the attenuation of individual effects under 544 simultaneous CO 2 and nutrient enrichments. Overgrazing masked the response to CO 2 545 enrichment and eutrophication but only in the high-nutrient meadow. Our findings 546 highlight the importance of integrative multi-level and ecosystem-based approaches 547
considering not only species interactions and connections between organization levels, 548 but also the effect of interactive stressors, to anticipate the evolution of seagrass 549 meadows in the near future and to endorse conservation efforts. 550 551 Appendices 552 
